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Abstract 
We prepared three ferrite nanocatalysts: (i) copper ferrite (CuFe2O4), (ii) ferrite where cobalt was 
substituted by nickel (NixCo1-xFe2O4, with x= 0, 0.2, 0.4, 0.6), and (iii) ferrite where nickel was 
substituted by zinc (ZnyNi1-yFe2O4 with y= 1, 0.7, 0.5, 0.3), by the sol-gel method. The X-ray 
diffraction patterns show that the ferrite samples have been crystallized in the cubic spinel structural 
phase. We obtained the grain size by FE-SEM images in the range of 10-70 nm, and their magnetic 
properties by VSM. Next, carbon nanotubes were grown on these nanocatalysts by the CCVD method. 
We show that the catalytic effects of these nanocrystals on the carbon nanotube growth depend on 
cation distributions in the octahedral and tetrahedral sites, structural isotropy and catalytic power due 
to cations. Our study can have applications in finding a suitable candidate of doped ferrite nanocrystals 
as catalysts for carbon nanotube growth. More interestingly, the yield of the fabrication of carbon 
nanotubes can be considered as an indirect tool to study catalytic activity of ferrites.  
Key words: carbon nanotubes 61.48.De, catalysis 81.16.Hc, chemical vapor deposition 81.15.Gh, 
ferrites 75.50.Gg, sol-gel processing 81.20.Fw, superparamagnetic 75.20.-g 
1. Introduction 
      In the spinel ferrites of MFe2O4, the metallic cations M
2+
 and Fe
3+
 can occupy octahedral 
and tetrahedral sites. If the M
2+
 cations occupy tetrahedral sublattices in the cubic closed- 
packed O
2-
 lattice, the spinel ferrite is a normal spinel, otherwise, the ferrite is an inverse 
spinel. If both of the sublattices contain M
2+
 and Fe
3+ 
cations, the ferrite is a mixed spinel. The 
occupations of cations at these sites have an important effect on the properties of spinels, such 
as magnetic behavior, conductivity and catalytic activity [1-3]. Mixed nickel ferrites with 
different magnetization and various cation distributions form an important class of magnetic 
materials [4]. 
     Ni/Zn ferrites have the mixed spinel structure with the unit cell consisting of eight units of 
the form [Znx
2+
 Fe1-x
3+
]tet [Ni1-x
2+
 Fe1+x
3+
]oct O4
2-
. The Zn
2+
 cations preferably occupy the 
tetrahedral sites and the Ni
2+
 cations always occupy the octahedral sites [5]. In Ni/Co ferrites 
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the cation distribution of Co
2+
 depends on heat treatment [6, 7]. As an application, spinel 
ferrites can acts as good catalyst [8]. The catalytic power of these materials was studied in 
some chemical reactions such as decomposition of hydrogen peroxide [9], oxidation of carbon 
monoxide [10], and oxidative dehydrogenation of butene [11]. Chemical composition, crystal 
structure, electronic, electrochemical, and micro structural factors have been found to 
contribute to the overall activity of such catalysts [9]. Since the nano-sized catalysts with non-
zero magnetic moment are widely used for growth of carbon nanotubes (CNTs), it is of 
paramount practical and theoretical importance to investigate the catalytic effect of spinel 
ferrite nanocrystals on the growth of CNTs.  
     In this paper, we study the catalytic effect of Ni/Co ferrites (NixCo1-xFe2O4 with x= 0, 0.2, 
0.4, 0.6), Ni/Zn ferrites (ZnyNi1-yFe2O4 with y= 0.3, 0.5, 0.7, 1), and copper ferrite (CuFe2O4) 
on the growth of CNTs by catalytic chemical vapor deposition (CCVD) method. Specifically, 
we investigate the occupation effect of ferromagnetic ions Fe
3+
, Co
2+
, Ni
2+ 
and non-magnetic 
ions such as Cu
2+
 and Zn
2+
 in the tetrahedral and octahedral sites of ferrospinels on their 
catalytic activity for growth of CNTs. 
 
2. Experiment 
2.1. Preparation of catalyst 
     The sol-gel method is one of the best procedures for fabricating the ferrite nanocrystals. 
Thus in our experiment, Ni/Co, Ni/Zn, and Cu ferrites were all prepared by this method. In 
this way, with the stoichiometric laws (depending on the combination), we prepared 0.5M 
solutions of Fe(NO3)3.9H2O (98%), Co(NO3)2.6H2O (98%), Ni(NO3)2.6H2O (99%), 
Zn(NO3)2.3H2O (99%), and Cu(NO3)2.3H2O (99%); and added these solutions to 0.5M 
solution of citric acid with 1 : 1 mol ratio for nitrates : citric acid. The pH value of the 
solution was adjusted to 1 by ethylenediamine, in order to make the environment more 
conducive for generating fine particles. The prepared solution was baked in 70°C to form a 
brown gel. The obtained gel was dried in 135°C during 24 hours and was ground into a fine 
powder. Finally, the sample was calcined in 450-600°C range (depending on the doping value 
of the ferrites) for 4 hours. We characterized the structure and grain size of nanocrystals by 
Philips
®
 PW1800 X-ray Diffraction (XRD) with Cu Kradiation (λ=1.54056Å) and Hitachi
®
 
S4160 Field Emission Scanning Electron Microscopy (FE-SEM). The magnetic properties of 
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the samples were measured by Meghnatis Daghigh Kavir Co.
®
 Vibrating Sample 
Magnetometer (VSM) in the room temperature(~25ºC).  
2.2. Growth of carbon nanotubes 
     The CNTs were grown by the CCVD method in a quartz reactor with a programmable 
furnace. The carbon source was acetylene (C2H2) with argon (Ar) as the carrier gas. To 
synthesize, an alumina boat containing 0.05g of catalyst was placed in the hot zone of the 
quartz reactor. A mixture of C2H2 and Ar with 1:8 volume ratios was passed over the catalyst 
in atmospheric pressure. The temperature was risen with the rate of 5°C/min to a specific 
temperature depending on the crystallization temperature of each catalyst and the reaction 
time was 45 minutes. Since the cation distribution of ferrites depends on heat treatment [6, 7], 
the growth temperatures were selected equal the calcination temperatures. The amount of 
carbon was evaluated by the mass of the fabricated samples. These samples contain 
amorphous carbon, CNTs, and catalyst. In order to remove the amorphous carbons, we 
oxidized the samples in the air at 400°C for 1 hour.  
3. Results and discussion 
    We studied the crystalline structure of the ferrite nanocatalysts with the XRD analysis. 
Figure 1 shows the XRD pattern of the prepared nanocrystals. These patterns were compared 
with the Joint Committee on Powder Diffraction Standards (JCPDS). The presence of (220), 
(311), (400), (422), (511), and (440) major lattice planes revealed the cubic spinel phase with 
Fd3m space group. In addition, the minor lattice planes of (111) and (222) are present. These 
results emphasize the presence of only spinel phase without any significant impurities. The 
XRD pattern of samples was refined by using the MAUD software and Reitveld’s method for 
structural analysis, cation distribution, and lattice parameter calculation. Crystallographic 
properties of the samples were obtained from this calculation and are listed in Table 1. This 
study indicates the inverse spinel structure for Ni/Co and copper ferrites. This means that in 
the Ni/Co ferrites, the Ni
2+
 and Co
2+
 cations occupy the octahedral sites, and the Fe
3+
 cations 
occupy the octahedral and tetrahedral sites equally; and, in the copper ferrite the Cu
2+
 cations 
fill only the half of the octahedral sites. This study shows as well the normal spinel structure 
for the zinc ferrite and mixed spinel structure for the Ni/Zn ferrites because the Ni
2+
 cations 
occupy the octahedral and the Zn
2+
 cations occupy the tetrahedral sites. Notice that these 
results are consistent with Ref. [5]. 
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     The lattice constant of the samples were obtained from the formula a=d (h
2
+k
2
+l
2
)
1/2
, 
where d is the interplane spacing and is calculated from the position of the highest peak in the 
XRD pattern (here (311) plane) by Bragg's formula (and refined later by using the MAUD 
software). In Table 1, we observe that the lattice constant increases with the Co content in the 
Ni/Co ferrites and the Zn content in the Ni/Zn ferrites increase. This can be attributed to the 
higher ionic radii of Co
2+
 (0.79 Å) and Zn
2+
 (0.82 Å) compared to Ni2+ (0.69 Å).  
     The magnetic properties of the nanocrystals were measured by VSM at the room 
temperature (~25ºC). the coercivity (Hc) and the saturation magnetization (MS) of the 
nanocrystals are listed in Table 1. Hc of the Ni/Co ferrites decreases inversely with the nickel 
content since the coercivity of a magnetic material is a measure of magneto-crystalline 
anisotropy. This decrease is attributed to the lower magneto-crystalline anisotropy of nickel as 
compared to cobalt, which in turn leads to a lower coercivity. Similarly, the decrease in MS is 
attributed to the smaller magnetic moment of the Ni
2+
 as compared to the Co
2+. MS of 
CoFe2O4 is more than CuFe2O4 as a result of the higher magnetic moment of Co
2+
 (3µB) than 
Cu
2+
 (1µB). The Ni/Zn ferrites as a result of near zero Hc show superparamagnetic behaviors 
at the room temperature. The cation distribution of the zinc ferrite, zero magnetic moment of 
the Zn
2+
 cations, and the anti-ferromagnetic interactions between the Fe
3+
 cations in the 
octahedral sites cause the magnetic moment for each ZnFe2O4 formula to vanish; but a low 
magnetic moment for these nanocrystals was obtained because of the small size of the 
particles and the presence of ions on their surface. The cation distribution changes by the 
substitution of Zn
2+ 
by Ni
2+
cations and occupation of the octahedral sites with Ni
2+
 cations; 
thus this substitution transfers part of the Fe
3+
 cations to the tetrahedral sites, and accordingly 
makes the MS of the nanocrystals vary. This is consistent with Neel's ferrimagnetism theory 
[12]. This behavior of the Ni/Zn ferrite nanocrystals for the different values of MS is similar to 
that of bulk samples [5]. It is important to notice that the maximum MS is found in the 
Zn0.5Ni0.5Fe2O4 nanocrystals.  
     The samples were characterized by XRD after the growth of CNTs. Figure 2 shows these 
XRD patterns. The peaks attributed  to the cubic spinel structure are present in these patterns 
and represent that the nanocatalysts did not change during the growth of the CNTs. The (002), 
(100), (101), (004), and (110) peaks are related to the presence of the CNTs. The presence of 
the (002) plane between 2θ=26-26.5° is due to the presence of multiwall CNTs (MWNTs) 
[13]. According to Ref. [14], the (110) and (100) peaks are in the (hk0) group peaks and 
display an asymmetric shape due to the curvature of the CNT. The (004) and (101) reflections 
5 
 
are also due to flat graphitic layers, residual carbon particles, and the defect of the CNTs [15, 
16]. 
    The FE-SEM images of the nanocatalysts are shown in Fig. 3. We observe that the 
prepared nanocrystals have a spherical morphology, and cohesion of particles is due to the 
magnetic attraction. The catalytic power of the spinel ferrite nanocrystals for the growth of the 
CNTs is evaluated by the rate of production of the CNTs in the surface unit of all 
nanocatalysts. The average grains diameters of the nanocrystals were obtained from the FE-
SEM images and are listed in Table 2. In addition, the surfaces/gram ratio of the nanocatalysts 
were found from dividing the average surface of a particle by its mass. The catalytic powers 
of these catalysts were obtained by normalizing the amount of the samples to unit time, 
surface, and mass of the catalysts in the crystallization temperature of each catalyst. 
      In Table 2, we observe that the catalytic power of the Ni/Co ferrites increases with the 
nickel content–as a result of higher catalytic power of Ni in comparison to Co. Besides, in the 
Ni/Zn ferrites it is observed that Ni0.5Zn0.5Fe2O4 has the highest catalytic power while 
ZnFe2O4 comes next. The grown CNTs on ZnFe2O4 are more pure than CNTs grown on 
Zn0.5Ni0.5Fe2O4. As mentioned above, in the ZnFe2O4 nanocatalyst, Zn
2+
 cations occupy the 
tetrahedral sites and all of these sites are in the same conditions. Thus the octahedral sites are 
isotropic. This structural isotropy enhances the catalytic power. With the decrease in the Zn
2+
 
content and entrance of the Ni
2+
 cations into the structure, the Ni
2+
s occupy the octahedral 
sites and transfer part of Fe
3+
 to the tetrahedral sites. These changes cause a decrease in the 
structural isotropy and the catalytic power of Ni0.3Zn0.7Fe2O4 and Ni0.7Zn0.3Fe2O4 
nanocatalysts. Because of the occupation of the half of tetrahedral sites with Zn
2+
 and 
remainder with Fe
3+
, the Ni0.5Zn0.5Fe2O4 nanocatalyst has a structural isotropy, and thus the 
catalytic power increases. This isotropy exists completely in the tetrahedral sites of the 
inverse spinels. This fact makes the catalytic power of the copper ferrite nanocrystals increase 
compared to zinc ferrite - see Ref. [11], where the oxidative dehydrogenation of butene in the 
presence of ferrospinel catalysts have been considered. Moreover, the catalytic power of the 
Ni/Co ferrites is more than the copper ferrite because the catalytic power due to Ni and Co in 
the growth of CNTs is high in comparison to Cu. 
     Figure 4 shows the FE-SEM images of the CNTs obtained on these nanocatalysts. The 
particles of the nanocatalysts are observed in the top of the CNTs. The CNTs are not 
uniformly straight because of catalyst particle movements during the growth process [17]. 
These movements induce structural defects that were observed in the XRD patterns by the 
(101) and (004) peaks. 
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4. Conclusion 
     In summary, we prepared Ni/Co, Ni/Zn, and Cu ferrites by the sol-gel method. XRD 
showed the cubic spinel structure for all of these ferrites. The MAUD analysis on the XRD 
patterns confirmed the inverse spinel structure for the Ni/Co and Cu ferrites, the normal spinel 
for Zn ferrite, and the mixed spinel for the Ni/Zn ferrites. Magnetic properties of these 
nanocrystals were measured by VSM at the room temperature. MS and Hc of the Ni/Co ferrites 
were shown to decrease with the increase of the nickel content because the magnetic moment 
of Ni
2+
 as compared to Co
2+ and magneto-crystalline anisotropy of Ni as compared to Co are 
lower. The behavior of the Ni/Zn ferrite nanocrystals with different values of MS appeared 
similar to that in bulk samples. The maximum MS was found in the Zn0.5Ni0.5Fe2O4 
nanocrystals. The catalytic powers of these nanocatalysts were obtained from the growth of 
the CNTs on them. We found that the catalytic power of the spinel ferrites is related to the 
structural isotropy, the cation distribution, and the catalytic power of cations. Hence, the 
catalytic power of the Ni/Co ferrites increases with the increase in the Ni content due to 
higher catalytic power of Ni compared to Co. In the Ni/Zn ferrites, the structural isotropy is 
an effective factor for their catalytic power. The catalytic power of Cu ferrite is higher than 
the Ni/Zn ferrites since it is inverse spinel, and less than Ni/Co ferrites as a result of the 
catalytic power due to cations.   
     Briefly, we have obtained that the catalytic power has the following order Ni0.6Co0.4Fe2O4 
> Ni0.4Co0.6Fe2O4 > Ni0.2Co0.8Fe2O4 > CoFe2O4 > CuFe2O4 > Zn0.5Ni0.5Fe2O4 > ZnFe2O4 > 
Ni0.7Zn0.3Fe2O4 > Ni0.3Zn0.7Fe2O4. 
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Figures: 
Fig. 1. The XRD pattern of the ferrite nanocatalysts 
Fig. 2. XRD patterns of the CNTs obtained on (a) ZnFe2O4 (b) CoFe2O4 and (c) CuFe2O4 (F: peaks are related to 
ferrites) 
Fig. 3. FE-SEM images from the nanocatalysts (a) Ni0.4Co0.6Fe2O4 (b) CuFe2O4 (c) ZnFe2O4 (d) CoFe2O4 
 
Fig. 4. FE-SEM images from the grown CNTs on (a) Ni0.4Co0.6Fe2O4 (b) CuFe2O4 (c) ZnFe2O4 (d) CoFe2O4 
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Fig.4. FE-SEM images from the grown CNTs on (a) Ni0.4Co0.6Fe2O4 (b) CuFe2O4 (c) ZnFe2O4 (d) CoFe2O4 
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Table 1. Magnetic and crystallographic properties of the ferrite nanocatalysts 
Ferrite Cation distribution Degree of 
inversion 
a (Å) MS (emu/g) Hc (Oe) 
CoFe2O4 [Fe
3+]tet [Co
2+,Fe3+]oct 1 8.389(9) 69.86 1186 
Ni0.2Co0.8Fe2O4 [Fe
3+]tet [Ni
2+
0.2, Co
2+
0.8 ,Fe
3+]oct 1 8.376(8) 58.05 1013 
Ni0.4Co0.6Fe2O4 [Fe
3+]tet [Ni
2+
0.4, Co
2+
0.6 ,Fe
3+]oct 1 8.356(0) 47.96 877 
Ni0.6Co0.4Fe2O4 [Fe
3+]tet [Ni
2+
0.6, Co
2+
0.4 ,Fe
3+]oct 1 8.355(8) 27.12 400 
ZnFe2O4 [Zn
2+]tet [Fe
3+,Fe3+]oct 0 8.430(0) 1.65 3.31591 
Ni0.3Zn0.7Fe2O4 [Zn
2+
0.7, Fe
3+
0.3]tet [Ni
2+
0.3,Fe
3+
1.7]oct 0.3 8.400(2) 28.43 0.31242 
Ni0.5Zn0.5Fe2O4 [Zn
2+
0.5, Fe
3+
0.5]tet [Ni
2+
0.5,Fe
3+
1.5]oct 0.5 8.389(9) 34.83 0.14973 
Ni0.7Zn0.3Fe2O4 [Zn
2+
0.3, Fe
3+
0.7]tet [Ni
2+
0.7,Fe
3+
1.3]oct 0.7 8.370(0) 25.75 0.12476 
CuFe2O4 [Fe
3+]tet [Cu
2+,Fe3+]oct 1 8.372(2) 14.83 168.156 
 
 
 
Table 2. Dimensions and catalytic power of the ferrite nanocatalysts 
Ferrite Dave (nm) S (m
2
/g) Catalytic power 
(m
-2
min
-1
) × 10
-3 
CoFe2O4 71.91 15.81 2.8286 
Ni0.2Co0.8Fe2O4 53.77 21.04 7.2975 
Ni0.4Co0.6Fe2O4 56.49 19.92 8.7056
 
Ni0.6Co0.4Fe2O4 57.08 19.68 10.442
 
ZnFe2O4 34.57 16.23 1.6607 
Ni0.3Zn0.7Fe2O4 42.46 13.19 1.1979
 
Ni0.5Zn0.5Fe2O4 25.81 21.73 2.2207
 
Ni0.7Zn0.3Fe2O4 24.60 22.77 1.3370
 
CuFe2O4 37.62 14.72 2.6185
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